Mass loss rates for the tenuous, hot winds of cool stars are extremely difficult to measure, yet they are a crucial ingredient in the stars' rotational evolution. We present a new method for measuring these mass loss rates in young, rapidly-rotating stars. These stars are known to support systems of "slingshot prominences" fed by hot wind material flowing up from the stellar surface into the summits of closed magnetic loop structures. The material gathers and cools near the co-rotation radius until its density becomes large enough that it is visible as a transient absorption feature in the hydrogen Balmer lines and strong resonance lines such as Ca II H & K. Here we present the key insight that the sonic point usually lies well below the condensation region. The flow at the wind base is therefore unaffected by the presence of an overlying prominence, so we can use the observed masses and recurrence times of the condensations to estimate the mass flux in the wind. These measurements extend the relationship between mass loss rate per unit surface area and X-ray flux to span 5 orders of magnitude. They demonstrate no evidence of the suspected weakening of stellar mass loss rates at high X-ray flux levels.
INTRODUCTION
The coronae of low mass stars (i.e. stars of mass M < 1M ) are magnetically heated to temperatures of 10 6 − 10 7 K. While much of this plasma is confined, some also escapes along magnetic field lines. This magnetic channelling ensures that this outflowing wind carries away significant angular momentum, even if the low density of these winds means that they remove little mass (Parker 1958; Weber & Davis 1967; Mestel 1968) . As a result, these winds govern the evolution of the star's rotation rate and hence its magnetic activity. They are, however, extremely difficult to observe. While the solar wind can be examined with in situ measurements, cool star winds are so tenuous that direct measurements are very challenging (Wood 2004) .
Rotational evolution can however be used as an indirect method of testing stellar wind models. Distributions of rotation rates are now available for many open clusters of known ages, for example Irwin et al. (2009) . These can be used to test rotational evolution models (Gallet & Bouvier 2013 , 2015 which are themselves based on scaling laws for angular momentum loss (Cranmer & Saar 2011; Matt et al. 2012) . Spin-down models can also be constructed to fit these distributions (Johnstone et al. 2015a,b) . This gives E-mail: mmj@st-andrews.ac.uk predictions for wind mass loss rates and velocities. One very interesting outcome of these many studies has been the very slow spin down of the lowest mass stars (Reiners & Mohanty 2012) which raises questions about the role of the field geometry (Garraffo et al. 2015; Jardine et al. 2017 ) and in particular the location of the "source surface" (Réville et al. (2015a,b) ; See et al. (2018) ) which is the radius at which the stellar magnetic field becomes completely open.
Of the direct methods of measuring stellar winds, one of the most straightforward comes from the thermal radio emission that an expanding wind produces (Panagia & Felli 1975) . This can provide measurements of the wind density, but this typically provides only upper limits through nondetections (Lim & White 1996; van den Oord & Doyle 1997; Villadsen et al. 2014 ). More recently, Fichtinger et al. (2017) presented stringent upper limits on mass loss rates for four solar-type stars based on a range of optical depth regimes. These provide tests for predictions of the mass loss of the young Sun. Most other methods depend on using the interaction of the wind with some other body. Searches for the X-ray signature of charge exchange when the ionised wind interacts with the neutral interstellar medium have also provided upper limits (Wargelin & Drake 2002) . For stars in a binary system with a white dwarf, the pollution of the white dwarf photosphere from the wind of the companion may leave a detectable trace in the white dwarf spectrum. Modelling of this process provides estimates of the wind outflow rates (Debes 2006; Parsons et al. 2012) . Most recently, the interaction of the escaping atmosphere of a planet with the stellar wind has provided a means of measuring the mass loss rate of the stellar wind (Bourrier et al. 2016; Vidotto & Bourrier 2017; Kislyakova et al. 2014) .
One of the most promising techniques to date has been the detection of Lyman α absorption in the enhanced densities at the boundaries of stellar astrospheres (Wood 2004) . This method has provided mass loss estimates for the winds of a sample of stars, and demonstrates a correlation between the mass loss rate per unit surface area and the X-ray surface flux. For the most active stars, however, these results suggest a possible decrease in the mass loss rate. The presence of this "wind dividing line" is potentially very important, particularly considering the effect that the winds of young and very active stars may have on the atmospheres of any orbiting exoplanets (e.g. Zendejas et al. (2010) ). However, neither Zeeman-Doppler maps nor wind models of a handful of stars that span this diving line show any change in field geometry across it See et al. 2017) .
The nature of the winds of the most active stars that lie beyond the "wind dividing line" can only be determined by measuring mass loss rates in this regime, but this is the very region of parameter space where measurements are most sparse. The aim of this paper is to describe a new method for measuring wind mass loss rates that is uniquely suited to this regime.
STELLAR PROMINENCES
The essential barrier to measuring cool star winds is the low density of the outflowing plasma, but some regions of higher density do exist within the coronae of active stars. These are the stellar "slingshot" prominences that were first observed as Hα absorption transients on the young active dwarf AB Dor (Robinson & Collier Cameron 1986; Collier Cameron & Robinson 1989a) . The transients are caused by cool clouds of mainly neutral plasma trapped within the corona by the star's magnetic field. Follow-up observations by Collier Cameron & Robinson (1989b) revealed that the transients corotate with the star, recurring on the stellar rotation period, and have radial accelerations consistent with locations near the corotation radius. Their lifetimes were ob- Figure 2 . Upflow speed in a thermal wind at three temperatures. In each case the location of the sonic point is shown by a black dot. A red vertical line shows the location of the co-rotation radius for this 1M , 1R star whose rotation period is 0.5 days. At the lowest of the three temperatures (dotted line), the wind accelerates slowly and the sonic point is above the co-rotation radius R k . At the highest temperature (dashed line), the wind accelerates more quickly and reaches the sound speed below the co-rotation radius R k . At the critical temperature (middle line), the sonic point coincides with the co-rotation radius R k served to be of order 2-3 days. Collier Cameron et al. (1990) observed simultaneous absorption transients in the Ca II H & K and hydrogen Balmer lines, deriving mass estimates around 2 to 6×10 17 g, some three orders of magnitude greater than those of quiescent solar prominences. Since their discovery, similar condensations have been observed in a range of stars, from spectral types G to M, in both single and binary stars and in main-sequence and pre-main sequence stars. Indeed the term "slingshot prominence" appears to have been coined by Steeghs et al. (1996) , who observed co-rotating emission transients in low-excitation lines at equivalent locations during outbursts of the dwarf novae IP Peg and SS Cyg.
Typically, slingshot prominences are supported at or around the Keplerian co-rotation radius, which is the equatorial radius at which the effective gravitational acceleration experienced by a co-rotating particle is zero. This is a natural location at which to expect coronal material to collect. Beyond this radius, coronal plasma will be centrifugally driven outward, leading to over-dense loop summits (Jardine & Collier Cameron 1991) . These high densities predispose the loop summits to thermal collapse. Collier Cameron (1988) solved for the thermal and mechanical equilibrium of such loops and found two classes of solutions -thermally stable hot loops, with temperature maxima at their summits, and thermally unstable cool solutions with temperature minima at their summits. Later models extending this to more general loop geometries and heating functions demonstrated that these cool solutions can be produced in a wide range of circumstances and can be identified with the observed prominences (Ferreira & Mendoza-Briceno 1997; Unruh & Jardine 1997) .
Models of prominence support in both single and binary systems have since demonstrated that the observed field strengths are sufficient to explain the prominence masses derived from the absorption transients (Ferreira & Jardine 1995; Ferreira 2000; Jardine et al. 2001 ). These models assume, however, that the stellar coronal field is closed out to the distances of the observed prominence locations. This requires coronae that extend for many stellar radii in these rapid rotators. Confining hot coronal plasma out to many stellar radii is a significant challenge even for the high field strengths observed at the surface of these stars. This problem is removed, however, if the prominences are supported not within the X-ray bright corona, but at greater distance within the stellar wind. Jardine & van Ballegooijen (2005) demonstrated that this is possible and that cool equilibria exist for loops that extend well out into the stellar wind, out to a maximum radius that is a simple function of the co-rotation radius.
PROMINENCE FORMATION
The picture that emerges from these studies is that the formation of a condensation in the corona (perhaps due to a thermal instability) leads to a drop in pressure at the loop summit. Plasma will flow from the loop footpoints to re-establish pressure balance. The nature of this pressuredriven flow is the same as for a thermal wind. The flow accelerates with distance and reaches the sound speed at the sonic radius R s . If the coronal condensation lies below this sonic radius, then the flow will be subsonic when it arrives (see Fig. 1 ). Pressure balance can be re-established on a sound travel time within the loop and the loop can adjust to a new equilibrium. In this case, we would expect to observe quasi-steady loops whose lifetimes are determined by timescales for evolution of the coronal field (Gibb et al. 2014 (Gibb et al. , 2016 . If, however, the coronal condensation lies above the sonic point, the upflow from the footpoints will be supersonic when it arrives. In this case, information cannot travel back to the surface to allow the upflow to adjust to the rising density in the loop summit and the density will continue to grow. At some stage the maximum density that can be supported by the field will be exceeded. At this point, the prominence mass will no longer be confined and will either fall back towards the surface if it is below the co-rotation radius, or be centrifugally ejected if it is above. In this case we expect to see repeated formation and ejection of prominences on timescales determined by the time taken for the upflow to supply the maximum density. Villarreal D 'Angelo et al. (2018) have calculated this maximum density for a sample of stars for which field strengths are known and for which coronal temperatures can be estimated using the scaling with X-ray flux from Johnstone & Güdel (2015) . They conclude that the predicted masses and lifetimes of these prominences reproduce well the observed range of values.
A third possibility is that the coronal condensation forms above the Alfvén radius (at which the flow speed equals the Alfvén speed). In this case, the magnetic field cannot remain closed at this radius and we would not expect to detect any significant accumulation of material. For a low-β plasma where the sound speed is less than the Alfvén Darker symbols denote stars in the "limit-cycle" regime with R s < R k < R A . There are no stars in this sample with
speed, we expect the Alfvén radius to be greater than the sonic radius, as is shown in Fig. 1 .
We therefore expect three different types of behaviour, depending on where the prominence begins to form (see Fig. 1 ). Given that we observe prominences to form at or around the co-rotation radius R k , the type of behaviour depends on the location of the co-rotation radius relative to the sonic and Alfvénic points. These three regimes can be expressed as:
• R k < R s < R A Hydrostatic regime: mechanical equilibria may be possible -the prominence lifetime is governed by the evolution of the coronal field.
• R s < R k < R A Limit cycle regime: prominences form, grow and are ejected on a timescale determined by the accumulation time for the maximum mass that can be supported and
No closed loops exist to support prominences.
THE THREE REGIMES
In order to explore which stars might exhibit these regimes, we need to determine the co-rotation and sonic radii. The equatorial co-rotation radius is defined as the location where the effective gravity g eff is zero, such that if
then
where Ω is the stellar rotation rate. In order to determine the location of the sonic point, we consider a radial, isothermal, pressure-driven outflow (Parker 1958) . Mass conservation for a density ρ and velocity u gives
and hence the momentum equation gives
where the sound speed is given by c 2 s = kT/m for a temperature T and mean particle mass m. At the sonic point, u = c s and R = R s where R s is given by
Equation (4) can be most conveniently written as
This equation has several well-known asymptotic forms (Parker 1958; Lamers & Cassinelli 1999) , notably that close to the stellar surface, for R R s this reduces to
In particular, this allows us to set R = R to recover the velocity (u ) close to the stellar surface and hence the mass loss rate
where ρ is the mass density at the stellar surface. Figure 2 illustrates the effect of the temperature on the wind speed. Hotter winds accelerate faster and reach the sonic point sooner. As a result, these may have a sonic point below the co-rotation radius. Loops at these temperatures therefore have R s <R k and so lie in the "limit-cycle" regime. Much cooler winds accelerate more slowly and so may have a sonic point beyond the co-rotation radius. Loops at these temperatures therefore have R s >R k and so lie in the "hydrostatic" regime.
For each star (i.e. for each combination of M , R and rotation period P) there is one temperature such that R s =R k . This is given by
The value of this critical temperature determines the fraction of the magnetic loops in the corona that lie in each regime. Loops cooler than this critical temperature will lie in the "hydrostatic" regime, while the hotter loops with summits beyond the sonic point will lie in the "limit cycle" regime. As main-sequence stars age, we expect their rotation periods to lengthen as their winds carry away angular momentum. The critical temperature will therefore decrease with age. The overall level of magnetic activity of the star will also decrease as the star spins down. An average coronal temperature (weighted by the emission measure) can be determined from X-ray spectra. Johnstone & Güdel (2015) derived a scaling of T = 0.11F 0.26 X between this average coronal temperature and the X-ray flux. From this, they determined that in the unsaturated regime, T ∝ M −0.42 /P 0.52 while in the saturated regime, T ∝ M 0.6 . Thus in the unsaturated regime, we have while in the saturated regime
In both cases, therefore, the critical temperature decreases faster with rotation period that the average coronal temperature. The more slowly-rotating stars may therefore support slingshot prominences over a greater range of temperatures than rapidly-rotating stars. Beyond a rotation period of a few days, however, the co-rotation radius has moved out beyond the Alfvén radius, the star is in the "open field" regime and no slingshot prominences can be supported at all. Calculation of the Alfvén radius follows from a consideration of the balance of torques along the magnetic field. In the simplest Weber-Davis case of a radial magnetic field it can be expressed as
where B R and B φ are evaluated at the stellar surface (Weber & Davis 1967; Lamers & Cassinelli 1999; Blackman & Owen 2016) . While the determination of the sonic point depends primarily on the temperature, this expression highlights the role of the strength and geometry of the stellar magnetic field in the determination of the Alfvén radius.
EXAMPLES OF THE THREE REGIMES
In order to quantify the distinction between the three regimes, we use the sample of low mass stars whose properties (including co-rotation radii) are tabulated in Villarreal D' Angelo et al. (2018) . For these stars, the Alfvén radius has been determined from a Weber-Davis wind solution, while the coronal temperature has been estimated from the X-ray flux using the relationship due to Johnstone & Güdel (2015) . This allows the sonic radius to be calculated using Eqn. (5). Temperatures of stars that lie in the "limit cycle" regime, derived from their X-ray fluxes, using the relationship in Johnstone & Güdel (2015) (dark green circles). Also show in pale green are the minimum temperatures for the "limit cycle" behaviour. Any loops at temperatures below this may have cool summits that are in hydrostatic equilibrium. Fig. 3 shows the sonic, Alfvén and co-rotation radii for these stars. The faint symbols denote those stars that lie in the "open field" regime where R s < R A < R k . We do not expect these stars to support significant numbers of slingshot prominences and so we do not consider them further. The darker symbols denote those stars that lie in the "limit-cycle" regime with R s < R k < R A . We note that there are no stars in this sample that lie in the "hydrostatic" regime with
Although there is a trend for the more slowly-rotating stars to lie in the "open field" regime, there is some overlap in the two groups, principally due to the variation in the Alfvén radius. Notably, the stars in the "limit-cycle" regime tend to be of lower mass. This can be seen very clearly by plotting the ratio of the Alfvén radius to the co-rotation radius as a function of mass (see Fig. 4 ). The lowest mass stars tend to have larger Alfvén radii, as a result of their larger dipole field strengths ). While few prominences have been detected in low mass stars, this is most likely to be due to their intrinsic faintness rather than the absence of prominences, which have generally been discovered as by-products of Doppler imaging studies which preferentially target bright stars. The clear outlier in this plot is the lone star in the top right-hand corner. This is AB Dor, which is a very rapid rotator with a strong field, and the first known example of the phenomenon.
In order to illustrate the range of coronal temperatures that lie in the limit cycle regime, we show in Fig 5 both the observationally-derived temperature for each of the limitcycle stars in Fig 3 and also the critical temperature below which hydrostatic solutions are possible. This critical temperature is significantly below the X-ray determined temperature for all these stars, but still within the range of coronal temperatures that characterise stellar coronae. Within the corona of each star we may expect a range of loop temperatures, reflecting the different mechanisms responsible for their formation and heating. For example, loops in active regions may be associated with flaring and filled with plasma evaporated from the chromosphere, while loops reforming after a mass ejection may be heated by the reconnection process directly. Loops whose footpoints are in quiet areas of the surface may be cooler than either of these cases. Fig. 5 shows that the range of loop temperatures over which limit-cycle behaviour may be expected is quite large, suggesting that the repeated formation and ejection of prominences may be common. Prominences may also form of course in loops below the critical temperature, but they will lie in the hydrostatic regime. We note also that, as expected from Eqn. (9), this critical temperature is a decreasing function of rotation period. As the co-rotation radius moves outward with increasing rotation period, so loops need to be progressively cooler in order that their sonic point coincides with the corotation radius.
PROMINENCES AS WIND GAUGES
From the sample of stars in Villarreal D'Angelo et al. (2018) we therefore deduce that a significant number of the lowest mass stars are likely to exhibit repeated formation and ejection of slingshot prominences. For these stars, the prominence formation sites act as temporary wind traps, storing wind material in cool condensations whose mass grows until it can no longer be supported. These condensations of wind material become observable when their mass provides sufficient optical depth that they can be detected in H α as absorption transients.
We can use the observed masses and lifetimes to infer the mass upflow rate into the prominences, since
where m p is the observed prominence mass, τ is the lifetime and m p is the rate at which mass flows through the two footpoints of the prominence-bearing loop (see Fig. 6 ). If we know the surface area of each loop footpoint (A 0 ), we can determine the mass flow rate per unit surface area of the star and hence the mass loss rate in the stellar wind from
where we have assumed that both loop footpoints contribute to the mass flux into the prominence. Estimating the loop footpoint area is straightforward if the area A p of the prominence is known. Flux conservation ensures that along the prominence bearing loop, B * A is conserved. If we can estimate the field geometry, then a measure of the prominence area in the corona gives the footpoint area A 0 directly. At the heights at which these prominences are Table 1 . Data for stars with published prominence masses. Columns show, respectively, the stellar name, mass, radius, rotation period, prominence mass, prominence lifetime, X-ray flux, calculated coronal temperature, critical coronal temperature for limit cycle behaviour and the predicted wind mass loss rate. Optical data are taken from Donati et al. (2000) ; Collier Cameron et al. (1990) 
Star
Mass Radius observed, the dipole component of the magnetic field dominates, so we may assume that
where R p is the radial height of the prominence. Several estimates of prominence areas exist. Collier Cameron et al. (1990) estimate that prominences on AB Dor occult 20% of the stellar disk at a distance of 2.7R from the stellar rotation axis, while for LQ Lup, Donati et al. (2000) Guided by these values, we assume that the two footpoints of prominence bearing loops typically cover 1% of the stellar surface, such that Table 1 shows parameters and predicted wind mass loss rates for the 5 stars for which prominence masses and lifetimes have been measured: LQ Lup, AB Dor, Speedy Mic, V374 Peg and HK Aqr. In all five cases the coronal temperature derived from the X-ray flux is significantly higher than the critical temperature. For these stars, therefore, the sonic point is above the co-rotation radius and the stars lie in the limit-cycle regime. The resulting wind mass loss rates per unit surface area are shown in Fig. 7 , beside the other values derived from a range of methods.
DISCUSSION
We have considered the nature of the upflows required to form prominences at the co-rotation radius of rapidlyrotating stars. We find three regimes, depending on the relative locations of the sonic point, the co-rotation radius and the Alfvén radius. In two of these regimes, prominences may be supported within the star's magnetic field, either in a static form if the upflow is subsonic at the prominence formation site, or in a form of a "limit cycle" if the upflow is supersonic here. The principal difference between these two regimes is Figure 7 . Mass loss rate in the stellar wind (per unit stellar surface area) plotted against the X-ray surface flux. Results are shown for estimates of mass loss rates made by a variety of methods (Wood et al. 2005; Wang 2010; Vidotto & Bourrier 2017; Kislyakova et al. 2014) . The blue symbols represents those stars for which the prominence recurrence times are used.
that in the limit-cycle case, the upflow from the stellar surface along the prominence-bearing loop becomes supersonic before it reaches the prominence. The surface therefore cannot adjust to the formation of the prominence and so the mass flow is similar to that in the open wind. This upflow is effectively continuous, even although the release of this material when the prominence becomes unstable is quasiperiodic. The result of this is to convert field lines that might otherwise have been closed into wind-bearing field lines. In the case of the hydrostatic regime, the wind material may be stored from some time in a stable prominence and the surface upflow will cease. Although these field lines also contribute to the wind, they do so in an occasional, rather than a quasi-periodic limit-cycle fashion. This behaviour shares some common features with the slow component of the solar wind, which is released from above active regions and has a characteristic speed that is lower than that of the fast component (Wang 2010) . In both cases, the release of prominence material carries away a specific angular momentum
A Ω carried by the stellar wind. Since for these stars, R k < R A , even if the prominence-bearing loops covered the same fraction of the stellar surface as the wind-bearing field lines, they would remove less angular momentum.
There are two underlying assumptions of our model that may affect the wind mass loss rates that we predict. The first is that we assume that the winds and coronae of these stars are at the same temperature. The wind upflow that forms the prominences is therefore at the same temperature as the ambient stellar wind that flows along the open field lines. We expect however, that a range of temperatures will exist within the coronae and winds of these stars, and indeed Fig. 5 shows that limit-cycle behaviour can be expected for a wide range of temperatures. If the stellar wind were, on average, significantly cooler than the prominence-bearing loops, then we would over-estimate the wind mass loss rate. We can quantify this using the approximation for the wind speed given by (7), or directly from Fig 2. If we assume that the base pressures are constant, then the base density scales as 1/T, so a cooler wind is more dense. The velocity of a cooler wind is lower, however, and this effect tends to dominate the mass flow rate (ρu) per unit surface area. Using the example in Fig. 2 , we can see that the ratio of mass fluxes for winds at temperatures of 2 × 10 6 K, 4 × 10 6 K, and 6 × 10 6 K would be in the ratio 1:6:9. We note however that it is unlikely that the winds of the active stars in which slingshot prominences are observed would be cooler than the wind of the relatively inactive Sun. Estimates of the temperatures at the base of the fast and slow solar wind are 3.8×10 6 K and 1.8×10 6 K respectively (Johnstone et al. 2015a ). This is above the critical temperature for most of the stars in our sample, suggesting that few, if any, would lie in the hydrostatic regime.
The second assumption is that the prominence-bearing loops have a dipole geometry and hence, since the magnetic flux is conserved, the loop areas at the prominence location and at the surface vary inversely as the cube of the radius. If the expansion of the loops is less than this (perhaps because they have a degree of internal twist providing extra support against expansion) then our method will underestimate the loop footpoint areas and hence overestimate the corresponding wind mass loss rates. The most extreme case of this would be for a loop of constant cross-section where the loop footpoint area is the same as the prominence area. Recalculating our wind mass loss rates in this extreme case would give M = 10 m p (AB Dor), M = 17 m p (LQ Lup) and M = 13 m p (HK Aqr). In this case, our wind mass loss rates would be at most an order of magnitude lower.
There are also two aspect of the observations that may lead us to underestimate the wind mass loss rates. The first is that the mass we observe is in most cases not the total mass of the prominence. Only the part of the prominence that transits the stellar disk can be observed in absorption, so the masses determined observationally may underestimate the prominence mass and hence underestimate the wind mass loss rate. It is notable that the only star in our sample that is viewed almost pole-on, and for which therefore all the prominences are in view, is LQ Lup, which also has the largest prominence mass and the largest mass loss rate.
The second aspect of the observations that may lead to an underestimated mass loss rate concerns the prominences in the static regime. These may be destabilised by processes such as field evolution due to surface differential rotation, meridional flow or flux emergence. Whatever the cause of destabilisation, however, the mass that can be accumulated on the observed lifetime is determined by the upflow rate of plasma that forms the prominence. If a prominence lies in the stable regime, and its formation time is short compared to the interval between observations, then its mass may have been constant for some fraction of the lifetime determined by observations. In this case, our method would underestimate the mass flow rate by overestimating the time taken for the mass to accumulate.
The values for the wind mass loss rate shown in Fig.  3 are also likely to show a large scatter because they are derived from observations of a small number of prominences at single epochs, and so are subject to Poisson statistics. We do not know the distribution of prominence masses and lifetimes on many of these stars.
We note also that the prominence-bearing stars in Fig.  7 span a range of ages (both pre-main sequence and mainsequence) and also stellar masses and hence internal structures. M dwarfs are particularly likely to host slingshot prominences because of their strong, dipolar fields and their rapid rotation rates Morin et al. 2008 Morin et al. , 2010 . For pre-main sequence stars also, the strong field (Folsom et al. 2016 (Folsom et al. , 2018 ) makes them likely candidates. Their inflated radii give larger pressure scale heights but smaller ratios of the co-rotation radius to the stellar radius. The co-rotation radius is therefore more likely to lie within the closed field corona where prominences may form. The detection of slingshot prominences in several weak-lined T Tauri stars (Skelly et al. 2008 (Skelly et al. , 2009 therefore not only provides information about the structure of the coronae of these very young stars, but also the nature of their mass loss rates.
The formation and centrifugal support of slingshot prominences is a feature of rapid rotation and therefore high X-ray flux. This makes these prominences ideal tracers of mass loss in the most active stars where other mass loss estimates are currently lacking. Extrapolating from the mass loss estimates of less active stars, Wood et al. (2005) suggested that the more powerful wind of the younger, more active Sun could have eroded the atmospheres of solar system planets and in particular contributed to the loss of the Martian atmosphere. Astrospheric estimates of mass loss rates in stars with higher levels of X-ray flux appear to show a decline beyond a critical "wind dividing line", however. One possible explanation, proposed by Wood et al. (2005) , is that the polar spots often observed in very active stars (see Strassmeier (2009) ) indicate a strong dipolar field that could suppress the action of a wind. The strong toroidal field often observed in very active stars (See et al. 2015) has also been proposed as mechanism to choke the stellar winds of these stars (Wood & Linsky 2010) . In a study of the magnetic field topologies of stars on either side of the "wind dividing line", Vidotto et al. (2016) , however, concluded that no significant transition was apparent at this boundary.
Our wind mass loss estimates suggest that the original increase in M with F X determined by (Wood et al. 2002) continues to the highest X-ray fluxes observed, albeit with perhaps a large scatter in values. At present, the observations of prominences are biased towards the ultra-fast rotators, since it is in these systems that the co-rotation ra-dius is close to the star and so the prominences are most likely to occult the stellar disk. Modelling of rotational evolution of solar analogues with distributions of initial rotation rates, (eg Johnstone et al. (2015a,b) ) supports the idea that these stars may be particularly rapid rotators. Indeed, at these high wind mass loss rates, the upper limits provided by radio observations, (eg Fichtinger et al. (2017) ) can provide important constraints. The prominence-bearing stars in this high-activity regime have a variety of field topologies, demonstrating that prominence support is a common feature, whenever the star is rotating sufficiently rapidly that the co-rotation radius comes inside the Alfvén radius.
The observation of significant mass loss in slingshot prominences raises the question of the mass loss in any associated Coronal Mass Ejections (CMEs). The relationship between prominences and CMEs on stars is not well understood, and not currently constrained observationally. We note that we use the term "prominence" to refer to cool material in the stellar corona, rather than the hot material associated with solar CMEs. The intriguing possibility that in young stars, the mass loss from CMEs might contribute significantly to (or even dominate over) the stellar wind has been suggested (Aarnio et al. 2013; Cranmer 2017) but awaits more observations of stellar CMEs (Leitzinger et al. 2014; Odert et al. 2017 ) for confirmation.
Extrapolating from the relationship between the energies in solar flares and CMEs suggests that on the most active stars, CME ejection must be suppressed, to avoid an unphysically large energy flux in stellar CMEs (Drake et al. 2013) . Further study of stellar slingshot prominences may clarify the geometry of the coronal magnetic field structures that confine them and hence shed some light on the nature of any CMEs that might be ejected with them.
SUMMARY AND CONCLUSIONS
Rapidly rotating low mass stars often display repeated formation and ejection of slingshot prominences. They typically, also, have very hot coronae. The upflows that feed these prominences therefore become supersonic before they reach the prominence formation site and so the stellar surface cannot adjust to the presence of the prominence. It supplies mass to the prominence at the same rate as it supplies mass to the stellar wind. The prominence formation sites therefore act as "wind gauges", storing wind material until its density is high enough that it can be detected in H α absorption. As a result, the observed recurrence times and masses of these prominences can be used to estimate the wind mass loss rates, as shown in Fig 7. This extends to 5 orders of magnitude the range of observed mass loss rates for low mass stars.
This technique is only possible in the regime of rapid rotation, but this is the very regime in which mass loss estimates are most needed. The observations of prominences in stars with high X-ray fluxes shows no evidence of the "winddividing line", beyond which a suppression of mass loss rates of stars was suspected. Mass loss rate measurements based on prominence recurrence rates suggest that wind mass loss rates continue to increase with increasing X-ray flux.
